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低碳钢微合金化技术是 20 世纪 70 年代金属材料学科的新型研究领域，也是
提高材料性能的重要技术之一。 
Fe-V-X (X: Nb, Ti) 合金系是微合金钢开发中重要的子体系，同时也是有前
途的金属储氢材料体系。Fe-V-X (X: Nb, Ti) 合金相图的研究是 Fe-V-Nb 和
Fe-V-Ti 合金设计及各种性能研究的基础。 
本研究对 Fe-V-X (X: Nb, Ti) 系相平衡进行了深入研究，初步建立了
Fe-V-Nb-Ti-C-N 六组元的微合金钢热力学数据库，并探讨了该热力学数据库的应
用。本研究主要完成的工作如下： 
(1) 首次实验测定了Fe-V-Nb三元系在 1000 ℃、1100 ℃、1200 ℃和 1300 ℃
下的全成分范围等温截面相图。 
(2) 基于文献报道的 Fe-V、Fe-Nb 和 Nb-V 三个子二元系的优化结果，利用
CALPHAD 技术，在本研究实验结果的基础上，对 Fe-V-Nb 三元系的相平衡进行
了热力学优化与计算。 
(3) 实验测定了 Fe-V-Ti 三元系在 800 ℃、1000 ℃、1050 ℃、 1100 ℃、 
1200 ℃和 1300 ℃下的全成分范围等温截面相图，基于 XRD 结果确定了新三元
化合物φ相的成分为 Fe3Ti6V1，属六方晶系，MgZn2 结构。 







替代钒，且添加 0.01 wt.% Nb 的作用约与 0.02～0.05 wt.% V 的作用相当。 
 

















Micro-alloying technology of low-carbon steel is a new field of the metallic 
materials in the 1970s, and is also an important method to improve the material 
properties. 
Fe-V-X (X: Nb, Ti) alloy system is the important sub-system to develop the 
microalloyed steel, and is also the promising hydrogen storage material system. The 
study of the phase diagrams of the Fe-V-X (X: Nb, Ti) system is the basis of alloy 
design and investigation performance in these systems. 
In the present work, the studies of phase equilibria in the Fe-V-X (X: Nb, Ti) 
system were experimentally carried out. The thermodynamic database of 
microalloyed steel system was initially developed under the framework of the 
CALPHAD, and its applications were discussed. Major research results are listed as 
follows: 
(1) This work is to firstly experimentally determine four isothermal sections at 
1000 ℃, 1100 ℃, 1200 ℃ and 1300 ℃ in the Fe-V-Nb ternary system. 
(2) Based on the reports of the thermodynamic assessments of the Fe-V, Fe-Nb 
and Nb-V sub-binary systems in ternary Fe-V-Nb system, the thermodynamic 
optimization was carried out by combining the CALPHAD method with the 
experimental results in this study. Calculated results are in good agreement with the 
experimental data. 
(3) Six isothermal sections at 800 ℃, 1000 ℃, 1050 ℃, 1100 ℃, 1200 ℃ 
and 1300 ℃ in the Fe-V-Ti ternary system were experimentally established, and a 
new ternary compound Fe3Ti6V1 with a hexagonal lattice of the MgZn2 type, which is 
named as the “φ” phase in this paper, was identified by XRD measurement in the 
Fe-V-Ti ternary system; 
(4) Based on the reports of the thermodynamic assessments of the Fe-V, Fe-Ti 
















optimization was carried out by combining the CALPHAD method with the 
experimental results in this study. Calculated results are in good agreement with the 
experimental data. 
(5) The thermodynamic database of the Fe-V-Nb-Ti-C-N system was developed 
based on the present and previous thermodynamic assessments. Some vertical 
sections and phase fraction diagrams on the multicomponent systems were calculated 
from this database. These calculated results indicate that V can be substituted by Nb 
in some extent，and the effect of 0.01 wt.% Nb on the carbonitride precipitation in 
microalloyed steel is equivalent to that of 0.02-0.05 wt.% V. 
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1.1 Fe-V-X (X: Nb, Ti) 合金的性能特点及其应用 
1.1.1 Fe, V, Nb, Ti 元素及 Fe-V-X (X: Nb, Ti) 合金的性能特点 
1.1.1.1 Fe, V, Nb, Ti 元素的性能特点 
(1) Fe 元素性能特点 
铁 (Iron) 元素在门捷列夫元素周期表中属于 VIII 族金属，化学符号为 Fe，
原子序数是 26，原子量是 55.85。纯铁的主要物理性质[1, 2]见表 1.1。 
铁是古代就已知的金属之一。铁矿石是地壳主要组成成分之一，铁在自然界
中分布极为广泛，但人类发现和利用铁却比黄金和铜要晚。首先是由于天然的单
质状态的铁在地球上非常稀少，而且它容易氧化生锈，加上它的熔点 (1812 K) 









在工业社会，铁是 有用、 价廉、 丰富的金属之一。工农业生产中，铁
是 重要的基本结构材料，铁合金用途广泛，国防和战争更是钢铁的较量，钢铁
的年产量代表一个国家的现代化水平。 
(2) V 元素的性能特点 
钒 (Vanadium) 在门捷列夫元素周期表中位于 VB 族，化学符号为 V，原子















Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
